Peptostreptococcus productus strain b-52 (a human fecal isolate) and Eubacterium aerofaciens ATCC 25986 were found to contain NADP-dependent 7,Bhydroxysteroid dehydrogenase activity. The enzyme was synthesized constitutively by both organisms, and the enzyme yields were suppressed by the addition of 0.5 mM 7p-hydroxy bile acid to the growth medium. Purification of the enzyme by chromatography resulted in preparations with 3.5 (P. productus b-52, on Sephadex G-200) and 1.8 (E. aerofaciens, on Bio-Gel A-1.5 M) times the activity of the crude cell extracts. A pH optimum of 9.8 and a molecular weight of approximately 53,000 were shown for the enzyme of strain b-52, and an optimum pH at 10.5 and a molecular weight of 45,000 was shown for that from strain ATCC For more than a decade, 7p-hydroxylated bile acids, particularly ursodeoxycholic acid (3a,7,-dihydroxy-5p-cholanoic acid) which corresponds to the 7P-hydroxy epimer of chenodeoxycholic acid (3a,7a-dihydroxy-5,B-cholanoic acid), have been attracting oUr attention. First, ursodeoxycholic acid, although it was originally found in the bile of bears, has frequently been detected in the bile and feces of humans, occasionally at considerable biliary concentrations (11, 22) . Second, ursodeoxycholic acid and also chenodeoxycholic acid are now in current use as efficient cholesterol gallstone-dissolving agents, and the in vivo metabolism of these agents orally administered in large quantities has become a matter of clinical concern (4, 20). However, the reaction sequence of the biosynthesis of these 7p-hydroxy bile acids is not well understood.
steroid dehydrogenase activity was detected in cells grown in the presence of glucose in excess. The enzyme from strain b-52 was found to be heat labile (90% inactivation at 50°C for 3 min) and highly sensitive to sulfhydryl inhibitors.
For more than a decade, 7p-hydroxylated bile acids, particularly ursodeoxycholic acid (3a,7,-dihydroxy-5p-cholanoic acid) which corresponds to the 7P-hydroxy epimer of chenodeoxycholic acid (3a,7a-dihydroxy-5,B-cholanoic acid), have been attracting oUr attention. First, ursodeoxycholic acid, although it was originally found in the bile of bears, has frequently been detected in the bile and feces of humans, occasionally at considerable biliary concentrations (11, 22) . Second, ursodeoxycholic acid and also chenodeoxycholic acid are now in current use as efficient cholesterol gallstone-dissolving agents, and the in vivo metabolism of these agents orally administered in large quantities has become a matter of clinical concern (4, 20) . However, the reaction sequence of the biosynthesis of these 7p-hydroxy bile acids is not well understood.
Although it has been postulated that they are derived from the corresponding 7o-analogs by way of a ketone, the exact site and mode of the respective reaction steps remain to be determined.
Recently, the interconversion between chenodeoxycholic acid and ursodeoxycholic acid was shown to be a common phenomenon in in vitro cultures of mixed human fecal flora (3, 8) , and pure cultures of microorganisms responsible for the phenomenon were recovered by several workers: Clostridium absonum by Macdonald et al. (13) , certain lecithinase-lipase-negative clostridia by Edenharder and Knaflic (2) , and Peptostreptococcus productus by Hirano and Masuda (6) . We have also detected in Eubacterium aerofaciens the same enzymatic activity as in P. productus (7) .
As opposed to the clostridial species, which are rare in the intestinal tract, P. productus and E. aerofaciens are certainly major species of the intestinal microflora and generally outnumber the clostridia. Their estimated viable counts have been reported to be on the order of 1010 per g (dry weight) of feces (5, 19) .
Furthermore, our previous experiments with growing and resting cells showed that these nonclostridial species elaborate only 7p-hydroxysteroid dehydrogenase and need a companion organism with 7a-hydroxysteroid dehydrogenase activity to epimerize the 7-hydroxy group (the latter enzyme is more abundantly distributed among the intestinal flora). This feature is distinct from that of the clostridia, which possess both 7a-and 7p-hydroxysteroid dehydrogenases and perform the epimerization by themselves. 
MATERIALS AND METHODS
Bacterial strains. Strains b-52 is one of the 70-dehydrogenating strains of P. productus previously isolated in our laboratory from human feces (6) . E. aerofaciens ATCC 25986, which was found to possess 7p-hydroxysteroid dehydrogenase activity, was in our culture collection, originally donated from Gifu University (K. Ueno). The strains were maintained on GAM semisolid agar (24; Nissui Pharmaceutical Co., Tokyo), and inocula were from an overnight culture in GAM broth.
Preparation of cell extracts. A large quantity (800 ml) of GAM broth, freshly boiled and cooled, was inoculated with 40 ml of inoculum culture. After 21 h of incubation at 37°C in an anaerobic jar undcr pure nitrogen (early stationary phase of growth), cells were collected by centrifugation at 6,000 x g for 30 min at 4°C, washed in 400 ml of 0.1 M sodium phosphate buffer (pH 7.0) containing 10 mM cysteine-HCl or 10 mM thioglycolate, resuspended in 20 ml of the same buffer, and subjected to sonication with a Branson Sonifier B-12 (Branson Sonic Power Co., Danbury, Conn.) operating at 100 W for a total of 4 min (in fractions of 30 s, not to exceed 20°C). After centrifugation at 105,000 x g for 2 h at 4°C to sediment cell debris, the supernatant fluid was used as a crude enzyme extract.
Enzyme chromatography. The crude enzyme extract was applied to a Sephadex G-200 column (2.6 by 80 cm) previously equilibrated with 10 mM Tris-hydrochloride buffer (pH 8.5) containing 150 mM sodium chloride or chromatographed on a column of Bio-Gel A-1.5 M (3 by 70 cm) equilibrated with 10 mM potassium phosphate buffer (pH 7.0) containing 10 mM sodium thioglycolate. By elution with the same buffer at a flow rate of 20 ml/h, fractions were collected in 5-ml quantities and assayed for enzymatic activity immediately after elution. Fractions containing peak activities were pooled and stored at 4°C (or -20°C) for enzyme characterization. The overall chromatographic procedure was carried out at 4°C.
Enzyme assay. The standard reaction mixture contained, in a total volume of 3.0 ml: 0.1 M glycineNaOH buffer (pH 9.8 or 10.5), 1.7 mM NADP, 1.0 mM ursodeoxycholic acid, 1.0 mM dithiothreitol or 10 mM sodium thioglycolate (as an enzyme stabilizer), and enzyme preparation (0.1 ml). The assay was initiated by the addition of the enzyme preparation, and the mixture was held at 25°C in a cuvette under atmospheric conditions. The formation of NADPH (oxidative activity by 7,-hydroxysteroid dehydrogenase) was followed as the increase in absorbance at 340 nm in a Hitachi model 200-10 spectrophotometer equipped with a model 056 Hitachi recorder (Hitachi Ltd., Tokyo). Enzyme activity was based on the initial rate of NADPH formation, which was nearly linear with time. One unit of enzyme activity was defined as the amount of enzyme reducing 1 Fmol of NADP per min in the presence of substrate, and specific activity was expressed as units per milligram of protein.
Total protein concentrations of the enzyme preparations were estimated by the method of Lowry et al. (12) , with bovine serum albumin as the protein standard.
Identification of reaction products. For identification of reaction products, the standard reaction mixture was allowed to stand at 25°C for 30 min before the addition of 6 N HCI to terminate the reaction. The free bile acids extracted with ethyl acetate from the acidified sample were methylated at the carboxyl group by a conventional acid-methanol method and trimethylsilylated at all hydroxy substituents by the method of Makita and Wells (18) . The derivatives were separated by gas-liquid chromatography on a 2% OV-17 column, and individual peaks were identified by their relative retention times (methyl ester-trimethylsilyl ether of deoxycholic acid = 1.00). Identity was further confirmed by mass spectrometry of the gas-liquid chromatographic effluents (23) . A detailed account of gasliquid chromatographic and mass spectrometric procedures was given in an earlier report (6) .
Chemicals. Ursodeoxycholic acid, its glycine-and taurine conjugates, and chenodeoxycholic acid were kindly supplied by Tokyo Tanabe Pharmaceutical Co., Tokyo. Other bile acids were purchased from Calbiochem, San Diego, Calif. NAD, NADP, and NADPH were obtained from Sigma Chemical Co., St. Louis, Mo. Sephadex G-200 was from Pharmacia Fine Chemicals, Uppsala, Sweden, and Bio-Gel A-1.5 M was from Bio-Rad Laboratories, Richmond, Calif. Other chemicals used were of the highest grade commercially available.
RESULTS
As described below, the enzyme extracts from both organisms, P. productus b-52 and E. aerofaciens ATCC 25986, affected only bile acids or bile salts, which have a 7,B-hydroxy group, with the reduction of NADP (not of NAD) and the formation of a 7-keto derivative as the sole product; i.e., these two organisms elaborated a 7,-hydroxysteroid dehydrogenase activity which catalyzes the oxidation of the 7p-hydroxy group to an oxo group, with NADP as a specific electron acceptor.
Induction. Cell extracts from cultures grown in the presence or absence of ursodeoxycholic acid as an inducer were compared for their NADP-dependent 7,-hydroxysteroid dehydrogenase activities (oxidative reaction toward ursodeoxycholic acid; Fig. 1 and Table 1 ). The enzyme was constitutively synthesized by both organisms, and, contrary to expectation, the specific enzyme activity was significantly reduced by the inclusion of substrate bile acid in the growth medium. In addition, it may be seen in Table 1 that the enzyme yield was almost completely inhibited by fermentable carbohydrate (glucose) added to the medium in excess. Figure 1 also shows that the initial reaction velocity by cell extracts was linear with respect to the total protein in the cuvette up to 300 ,ug. Similar linearity was also observed with the enzyme extract from strain ATCC 25986. In the following experiments, enzyme preparations (Fig. 3) . A fairly sharp optimal activity range of 9.5 to 10.5 (b-52) or 9.2 to 11.0 (ATCC 25986) was demonstrated, with a gradual slope on the acidic side and a sharp drop on the alkaline side in both preparations.
Enzyme kinetics. The kinetic behavior of the purified enzymes with respect to bile acid (ursodeoxycholic acid), bile salts (its conjugates), and NADP as substrates was consistant with Michaelis-Menton kinetics, showing that the kinetic constants of the enzymes could be determined by Lineweaver-Burk plots (Fig. 4) Reaction products. Analysis of the standard reaction mixture after incubation revealed 7-ketolithocholic acid as the sole product from ursodeoxycholic acid by the NADP-dependent enzymatic reaction (Fig. 5) .
Stability. Routinely, the enzyme activity was assayed after the addition of a reducing agent with a purified enzyme preparation from strain b-52, somewhat lower levels of enzyme activity were observed without or with the addition of the reducing agent at low concentrations, and, furthermore, little enzymatic activity was dem- onstrated by the addition of sulfhydryl inhibitors such as p-chloromercuribenzoate (10-3 mM) or iodoacetate (10-2 mM) to the reaction mixture (Table 3) .
Addition of certain divalent cations (2.5 mM Mg2+ or 0.5 mM Ca2+) or metal-trapping agents (2.5 mM EDTA) to the reaction mixture caused no change in enzyme activity. Thermostability of the enzyme was also tested with cell extracts from b-52 (Fig. 6) . When incubated at 50°C (at pH 7.0 and in the absence of bile acid substrate), more than 90% of the initial enzyme activity was lost within 3 min, whereas 50% or more of the activity was retained after incubation at 40°C for 30 min under the same conditions. DISCUSSION Hydroxysteroid dehydrogenase activity which specifically oxidizes the 7,-hydroxy group in the cholane nucleus to a 7-oxo group, with NADP as an electron acceptor, was demonstrated in cell extracts from both P. productus b-52 and E. aerofaciens ATCC 25986. Although the enzyme is of an oxidoreductase nature, as previously reported (6), the reductive process was not observed with the enzyme preparations used in this study. The total lack of any reactions with chenodeoxycholic acid (3a,7a-dihydroxy) and cholic acid (3a,7a,12a-trihydroxy), including their conjugates, indicates the absence of 7a-hydroxysteroid dehydrogenase activity in the cell extracts from these organisms, in contrast to clostridial species, which have been reported to possess both 7a-and 7p-hydroxysteroid dehydrogenases (2, 13) .
The NADP-dependent 7,-hydroxysteroid dehydrogenases in this study were active against both free and conjugated bile acids with a 7p-hydroxy group. Kinetic studies, however, revealed a lower Km value (i.e., a higher affinity for the enzyme) with free 7p-hydroxy bile acid than with its taurine-and glycine conjugates. A similar preference of oxidation of free bile acids over the conjugates was demonstrated with NAD-dependent 7a-hydroxysteroid dehydrogenases from Escherichia coli (16) and Bacteroides thetaiotaomicron (21) , whereas NADdependent 7a-hydroxysteroid dehydrogenase from B. fragilis (17) The NADP-dependent 73-hydroxysteroid dehydrogenase preparations from P. productus and E. aerofaciens showed an optimal pH range of 9.5 to 10.5. The activity curves were in close agreement with that of the NADP-dependent 7,-hydroxysteroid dehydrogenase from C. absonum (15) . Similar pH curves were also demonstrated with the NAD-dependent 7a-hydroxysteroid dehydrogenases from Escherichia coli (16) and B. fragilis (17) .
The estimated molecular weights of 45,000 to 53,000 for the 7p-hydroxysteroid dehydrogenases from both organisms in this study are consistent with the sizes of the NAD-dependent 7a-hydroxysteroid dehydrogenases from B. fragilis (50,000 to 100,000) (1) and B. thetaiotaomicron (80,000) (10), which were also determined by Sephadex G-200 column chromatography. However, Sherrod and Hylemon (21) reported that the molecular weight estimated by gel filtration varied depending upon the column used (they obtained molecular weights of 320,000 with Bio-Gel A-1. (15) is not elaborated without the addition of suitable bile acids to the growth medium. Not only was the enzyme synthesized in the absence of its substrate, but less enzyme was elaborated as a result of the addition of 7I-hydroxy bile acid (ursodeoxycholic acid) to the growth medium. Similar suppression was reported with respect to the NAD-dependent 3a-and 12a-hydroxysteroid dehydrogenases from Eubacterium lentum (14) and the 7p-hydroxysteroid dehydrogenase from C. absonum (13) . Although the exact cause of the phenomenon still remains to be determined, specific repression of enzyme activity and also of enzyme synthesis by an enzymatic reaction product (7-ketolithocholic acid) may be suggested as a plausible explanation.
Furthermore, it should be noted from the practical point of view that, in spite of an enhanced microbial growth, the formation of the enzyme was markedly inhibited by the presence of glucose in the growth medium. A similar effect of glucose was demonstrated with regard to 7a-dehydroxylase activity by many 7oa-dehydroxylating organisms (9) . It is not clear presently whether the decreased enzyme activity is due to glucose per se or to the low pH created in the medium by the fermentation of glucose, which may suppress the synthesis of certain groups of proteins.
Lastly, the NADP-dependent 7p-hydroxysteroid dehydrogenase from P. productus lost most of its activity at 50°C for 3 min, a much more pronounced thermolability than that of the NADP-dependent 7a-hydroxysteroid dehydrogenases from B. fragilis (10) and C. perfringens (1) . Moreover, the enzyme activity was shown to be highly sensitive to sulfhydryl inhibitors (iodoacetate and p-chloromercuribenzoate), strongly suggesting the involvement of free sulfhydryl groups in the enzyme activity. To our knowledge, this is the first evidence of the possible participation of sulfhydryl groups in oxidoreductase activity against bile acids. 
